High density and ordered CaSO 4 nanorods and nanowires were prepared on a Au-coated Si substrate by electrochemical deposition in a dimethylformamide solution of calcium chloride and thionyl chloride. This approach represents a synthetic route for a rapid and large-scale preparation of CaSO 4 one-dimensional nanostructures. The lengths and diameters of the nanorods and nanowires were controlled by regulating the concentration of the precursor solution. It is suggested that the morphology of the CaSO 4 nanorods and nanowires strongly depends on both the chloride ion and water concentration. The formation mechanism of CaSO 4 on the substrate and in solution is believed to be the result of electrochemical reactions increasing the concentration of sulfate ions via a reaction with calcium cations. During the growth process of CaSO 4 , the chloride ion was adsorbed to a specific side of the CaSO 4 nanostructures such that nanorods and nanowires were grown in one direction. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3272583͔ All rights reserved. In recent years, significant interest has focused on the synthesis of nanoscale materials. One-dimensional ͑1D͒ nanostructures such as nanowires, nanotubes, and nanorods have become the focus of intensive research due to their unique properties and potential applications in energy, 1 optic, 2 electric, 3 and sensor systems. 4 Furthermore, 1D nanostructures have been shown to provide a framework for applying the bottom-up method for designing the nanostructures. 5 Many methods exist for the synthesis of 1D nanostructures, including chemical vapor deposition, 6 a template-assisted method, 7 and a vapor-liquid-solid method. 8 In particular, both electrochemical deposition and liquid phase methods synthesize 1D nanostructures in liquid and have been used by many research groups because there is no need to use high temperature, expensive instruments or templates. Despite the advantages of synthetic simplicity, there are some challenges in the application process. For the synthesis of 1D nanostructures, electrochemical deposition and liquid phase synthesis methods need surface-active agents or amphiphilic polymers as stabilizing or capping agents to control the shape, length, and diameter.
In recent years, significant interest has focused on the synthesis of nanoscale materials. One-dimensional ͑1D͒ nanostructures such as nanowires, nanotubes, and nanorods have become the focus of intensive research due to their unique properties and potential applications in energy, 1 optic, 2 electric, 3 and sensor systems. 4 Furthermore, 1D nanostructures have been shown to provide a framework for applying the bottom-up method for designing the nanostructures. 5 Many methods exist for the synthesis of 1D nanostructures, including chemical vapor deposition, 6 a template-assisted method, 7 and a vapor-liquid-solid method. 8 In particular, both electrochemical deposition and liquid phase methods synthesize 1D nanostructures in liquid and have been used by many research groups because there is no need to use high temperature, expensive instruments or templates. Despite the advantages of synthetic simplicity, there are some challenges in the application process. For the synthesis of 1D nanostructures, electrochemical deposition and liquid phase synthesis methods need surface-active agents or amphiphilic polymers as stabilizing or capping agents to control the shape, length, and diameter. 9 For various application fields, surfactant or amphiphilic polymers should be removed by multiple rinsing. However, some surfactants or amphiphilic polymers may still be bound to the 1D nanostructure surface. Thus, surfactant-free and amphiphilic polymer-free systems have been suggested. 10, 11 Calcium sulfate is one of the most attractive inorganic materials for applications in bone regeneration [12] [13] [14] and drug delivery 13, 15, 16 because of its resorbable scaffold for bone growth to supply calcium ions, biocompatibility, possibility as a drug delivery vehicle, and low cost. 17 In addition, rare-earth-doped CaSO 4 shows useful thermoluminescence for the potential application in photoluminescence crystal liquid displays, optical storage materials, and cathodoluminescent materials. 18, 19 Various methods have been used for the synthesis of CaSO 4 nanoparticles, [20] [21] [22] [23] nanorods, 23 nanowires, 20, 21, [23] [24] [25] and nanosheets, 21 such as water-in-oil microemulsion and reverse micelles, 20,23,26 a microwave-assisted method, 25 and a liquid-liquid separation method. 22 However, these methods have limitations in growth time, large quantity synthesis, and substrate synthesis. Alternatively, the electrochemical deposition method is a promising synthetic technique because of low cost, mild conditions, accurate process control, fast reaction time, and large quantity synthesis. 27 In this study, CaSO 4 nanorods and nanowires were synthesized by electrochemical deposition in an electrolyte solution without surfactants. We examined the effects of CaCl 2 , SOCl 2 , and water concentration on the formation of CaSO 4 nanorods and nanowires. A possible mechanism of the growth of CaSO 4 nanorods and nanowires on a Au-coated Si substrate in solution was identified.
Experimental
Materials.-All chemicals were of the highest commercially available quality: calcium chloride dihydrate ͑Aldrich, 99 + %͒, thionyl chloride ͑Fluka Ͼ 99%͒, and N,N-dimethylformamide ͑Mallinckrodt Chemicals, 99.8%͒. A gold-coated Si wafer used as a cathode electrode was prepared by thermal evaporation with an adhesion layer of chromium on Si/SiO 2 and was cleaned by thermal annealing at 400°C. An indium tin oxide glass substrate with a 20 ⍀/ᮀ sheet resistance as an anode electrode was cleaned by ultrasonication in 2% Hellmanex II ͑Hellma, Mfillheim, Germany͒ solution, distilled water, and ethanol. All experiments were performed at a potential of 50 V by power supply ͑Agilent, E3617A͒, and the duration time of the electrochemical deposition was 5 min. To ensure a fast growth time, high voltage was applied to the electrode during the synthetic process. After the electrochemical deposition, a white film, which was as-grown on the Au-coated Si substrate, was rinsed using DMF and ethanol. CaSO 4 nanorods in the electrolyte solution were prepared using spin casting on a Si wafer for observation. The as-grown CaSO 4 nanorods and nanowires were characterized by field-emission-scanning electron microscopy ͑S-4700, Hitachi, operated at 15 kV͒. Because of the poor electron conductivity of CaSO 4 nanorods and nanowires, the product was sputtered with a conducting layer of Pt. X-ray diffraction ͑XRD͒ analyses were performed on a Rigaku D/max 2500 X-ray diffractometer with a high intensity Cu ⌲␣ radiation ͑ = 1.54056 Å͒.
Results and Discussion
Characterization and electrochemical reaction.- Figure 1 shows the XRD pattern of the as-prepared CaSO 4 nanostructure synthesized by electrochemical deposition at a potential of 50 V in 0.1 M SOCl 2 + 0.01 M CaCl 2 + DI water. All of the reflection peaks were well-indexed to a single-crystalline phase of CaSO 4 ·0.5H 2 Thionyl chloride is typically easily reacted with water and converted to sulfur dioxide and hydrochloric acid ͑Reaction 1͒. Sulfur dioxide is instantly dissolved in water to sulfurous acid ͑Reaction 2͒, and sulfurous acid becomes HSO 4 − by anodic oxidation at the anode ͑Reaction 3͒. 28, 29 Concurrently, the hydroxide ion ͑OH − ͒ is generated by the reduction in water at the cathode ͑Reaction 4͒. When the hydroxyl ion is generated at the cathode, an acid-base reaction forms a sulfate anion ͑Reaction 5͒. 30 CaSO 4 nanorods and nanowires are then synthesized by a reaction between the sulfate anion and the calcium cation. 2 and SOCl 2 affected the lengths, diameters, and shapes of CaSO 4 nanorods. However, it seems that the concentration of the calcium cations was not a critical factor in this experimental condition as only a very small amount of sulfate anions would have existed in the electrolyte solution because DI water was not added. The lack of sulfate anions means that the calcium cations cannot react with the sulfate anions. Therefore, the influence of calcium cations is small in the growth process. Alternatively, chloride affects the growth process. CaCl 2 and SOCl 2 contained chloride anions, resulting in the size and shape of the CaSO 4 nanorods strongly depending on the chloride anion concentration. When a small amount of chloride anion was added, a CaSO 4 nanosheet ͑Fig. 2a͒ was synthesized on the substrate. Further additions of chloride anions caused the formation of CaSO 4 nanorods ͑Fig. 2b and c͒ and eventually increased the length of the CaSO 4 nanorods ͑Fig. 2d͒. The chloride anion concentration is very important for determining the shape and length of a nanostructure, and high concentrations of chloride anions typically increase the average length of nanorods. Based on this result, the chloride anion can act as a capping reagent to change the growth kinetics and surface energies of different crystal faces, which can lead to an anisotropic growth of CaSO 4 nanorods.
Influence of CaCl

10,11
Water effects.- Figure 4 shows typical CaSO 4 nanowires grown on the substrate with 0.5 mL of DI water added to the 10 mL of electrolyte. It means that there was 2.5 M water in the cells. In a previous experiment where no water was added, only 0.1 M water was expected to exist in the cell from the calculation based on the purity of DMF ͑99.8%͒. DI water reacted with SOCl 2 to produce SO 4 2− , thereby increasing the amount of sulfate anions in the electrolyte solution. The increase in SO 4 2− meant that the calcium cations more easily reacted with SO 4 − to synthesize CaSO 4 nanostructures, and the growth rate and yield of CaSO 4 increased, resulting in nanowires instead of nanorods. 
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Journal of The Electrochemical Society, 157 ͑3͒ K43-K46 ͑2010͒ K44 lengths of up to tens of micrometers. 31,32 CaSO 4 nanowires were preferably formed under slow nucleation and slow growth rates, whereas the CaSO 4 nanowires arrayed into nanobelt-like structures formed under fast nucleation and growth rates.
When CaSO 4 nanowires were synthesized on the substrate, CaSO 4 nanorods were simultaneously synthesized in solution. In the synthetic process, the color of the electrolyte rapidly changed to white. To observe the CaSO 4 nanorods in solution, the opaque electrolyte solution was spin-coated directly onto the Si substrate at 3000 rpm. Figure 5 shows the CaSO 4 nanorods synthesized in 0.1 M SOCl 2 /0.05 M CaCl 2 and DI water conditions. When water was added to the electrolyte, the CaSO 4 nanowires and nanorods were simultaneously synthesized on the substrate and in solution, respectively. When voltage was applied to the electrodes, the substrate was covered by CaSO 4 nanowires and the solution changed from colorless and transparent to white and turbid. When the reaction was complete, the substrate surface was fully covered with CaSO 4 nanowires. However, when water was not added to the electrolyte, the CaSO 4 nanorods were only synthesized on the substrate. This result showed that when the concentration of sulfate anions was low, the CaSO 4 nanorods were first synthesized on the substrate. However, CaSO 4 was not synthesized in the solution because most of the sulfate anions reacted with calcium cations on the substrate surface. However, if the concentration of sulfate anions is high, the CaSO 4 nanorods may synthesize on the substrate surface and in solution simultaneously.
Conclusions
In summary, we have successfully synthesized CaSO 4 nanorods and nanowires both on a substrate and in a DMF solution using an electrochemical deposition method. The concentration of CaCl 2 , SOCl 2 , and water influenced the formation and morphology of CaSO 4 nanorods and nanowires. CaCl 2 and SOCl 2 supply chloride anions for controlling the morphology of CaSO 4 nanostructures, and water provides sulfate anions by an electrochemical reaction with SOCl 2 . A high concentration of SOCl 2 and CaCl 2 permits the synthesis of nanorods and nanowires on a substrate and in solution. It is expected that this synthetic method may also be applicable for the fabrication of other inorganic nanorods and nanowires.
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